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I. INTRODUCTION
The standard model is remarkably successful in describing the electroweak phenomena. However, it has twenty or so unexplained parameters. Two of these parameters, θ = θ QCD + θ QF D and the weak CP phase, are related to the CP symmetry. The strong CP problem has several candidate solutions: axions [1] [2] [3] and natural solutions [4] [5] [6] [7] . The weak CP phase will be understood if the electroweak symmetry breaking is unveiled. At present, there are several candidates for the realization of weak CP violation, the KobayashiMaskawa model, superweak CP violation, Higgs mediated CP violation, etc. These can be classified into explicit CP violation (including hard CP violation if complex Yukawa couplings are introduced and soft CP violation if complex scalar masses [4] are introduced) and spontaneous CP violation.
The most plausible model among natural solutions is one which was proposed by Nelson [5] and generalized by Barr [6] . This kind of models assumes a CP invariant Lagrangian, and the weak CP violation is introduced by spontaneous breaking of CP symmetry. A key point of the Nelson-Barr type models is an introduction of a heavy scale (heavy scalar and heavy fermion). Nelson assumes a specific form of mass matrix so that its determinant remains real after the spontaneous CP violation. If we have N heavy quarks Q i and 3 light generations, the Nelson-Barr form of the fermion mass matrix at tree level is
where hv is a 3 × 3, M is a N × N real matrix and α is a N × 3 complex matrix, in the broken phase. Determinant of this mass matrix is real, even though the matrix, i. e. the α entry, is complex. However, after the spontaneous CP breaking, there is no symmetry that keeps the determinant of the mass matrix real. So a smallθ can be generated from radiative corrections. Since |θ| is less than 10 −9 , smallness of the gauge and/or Yukawa couplings is required. Thus it seems that the Nelson-Barr model reintroduces the hierarchy problem,
i. e. the smallness of parameters. To alleviate the restriction on coupling constants, the supersymmetrization of the Nelson-Barr model was suggested [8] . However, the supersymmetrization does not improve this difficulty, due to an entry of the gluino mass [9] . Therefore, at present the smallnesses of some couplings are required in both nonsupersymmetric and supersymmetric Nelson-Barr type models.
Here, we do not attempt to solve this fundamental problem, but unify the strong CP solutionà la Nelson and Barr and the seesaw mechanism. The seesaw model is the most popular and plausible mechanism of the small neutrino mass generation. The seesaw mechanism also employs two scales, the heavy neutrino scale and the weak scale [10] . To give a non-zero mass to each neutrino, a heavy right-handed singlet neutrino must be introduced In this paper, we suggest fermion doubling, which can relate the heavy scale in the Nelson-Barr model to the heavy neutrino scale in the seesaw model. There is no fundamental theory which explains doubling of fermions. However, the fermion doubling gives us a consistent view of the unified solution of these two different problems. If we invent a mechanism which has two scales, a heavy fermion partner at a heavy scale for each fermion at the weak scale, it would explain the reasons 'why theθ is so small' and 'why the neutrino mass is so small'. The fundamental theory may contain one solution to various mysteries of low energy phenomena. Namely, it is worth to make a phenomenologically viable model that unifies phenomenologically unrelated problems.
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For the desired mass matrix to appear, there must exist a symmetry. In Sec. II, we achieve this with a global symmetry. In our previous paper [12] , we suggested a similar model with an extra heavy quark Q in addition to the fermion doubling with a global symmetry so that a heavy quark axion is introduced for a solution of the strong CP problem. This model was suggested to unify the heavy quark axion scale and the neutrino seesaw scale.
In that case, U(1) P Q symmetry which is broken at majoron scale is necessarily anomalous.
That was the reason why we introduced the additional heavy quark Q. Without the heavy quark Q, the U(1) symmetry would not be the Peccei-Quinn symmetry, and the resulting Goldstone boson would be a practically massless majoron. At low energy we have no particle other than those in the contents of minimal standard model except the majoron, and the low energy phenomenology is the same as the standard model.
In Sec. III, we introduce a Z 2 symmetry instead of the global symmetry. Sec. IV is a conclusion. There are two appendixes. In Appendix A, we reviewed the generation of Kobayashi-Maskawa CP phase from the mass matrix at the low energy. In appendix B, we present one loop calculation ofθ.
II. A MODEL WITH A GLOBAL SYMMETRY
By the fermion doubling, we introduce a new SU(2) singlet fermion for each fermion of the standard model. We also introduce two SU(2) singlet complex scalars, σ, and S, to realize a desirable intermediate scale physics. Then fermion contents of the model become,
where q L and l L are SU(2) doublets and i(= 1, 2, 3) is the family index. The particles added are denoted as capital letters. Their electromagnetic charges are the same as those of the corresponding light particles (lower case symbols). We assign U(1) global charges to the fermions as,
Note that the Higgs doublet H carries a vanishing global charge. The global symmetry does not have an SU(3) anomaly and hence cannot be the Peccei-Quinn symmetry.
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The renormalizable Lagrangian obeying the
symmetry can be written as
where H is a Higgs doublet scalar with
All the coupling matrices are real due to the CP symmetry and θ QCD = 0. The potential is
But, there exists the U (1) global −SU (2)−SU (2) anomaly. If the unknown quantum gravity effects spoil the needed global symmetry badly, one has to remove this anomaly. But at present, it is not serious because we are not sure how the quantum gravity dictates the low energy phenomenology.
However, it is easy to remove the U (1) global − SU (2) − SU (2) anomaly by simply introducing six
) and assigning −1 for the U (1) global charges. 
The couplings of the form (b L
where the range of parameters are chosen so that the following vacuum expectation values develop at the symmetry breaking minimum,
Hereṽ 1 ,ṽ 2 are the seesaw scale (intermediate scale) and v is the weak scale. Note that α F can be of orderṽ whereṽ
The weak CP violation occurs through spontaneous symmetry breaking. Because of the The tree level mass matrix of fermions except for neutrinos written in the
where b, c, h, α are 3 × 3 matrices and f and F represent approximately light and heavy fermions, respectively. From now on, we set β ≡ hv and Ω ≡ b Fṽ1 + c Fṽ2 . Here, we cannot remove the phase betweenṽ 1 andṽ 2 . So Ω is a general 3 × 3 complex matrix, and α and β are general 3 × 3 real matrices. Then the quark mass matrix is
where β is of order electroweak scale and α and Ω are at the intermediate mass scale, presumably at 10 10 − 10 13 GeV. We assume O(α) < ∼ O(Ω).
The quark mass matrix M q of Eq. (8) gives
Note that complex phases appear only in the Ω block. However, they do not contribute to Arg Det M due to 0 entries at the upper left corner. Thus even after the introduction of the weak CP phase, θ QF D remains zero.
Even though θ QF D is zero at tree level, the radiative corrections to the quark mass matrix can be complex in general. The complex phases occur at heavy quark sectors only through the spontaneous CP violation, but after the symmetry breaking, the dimension 5 operator
give a complex correction to the light-light block of the fermion mass matrices (see the 0 entry in Eq. (8)) and thus to the Arg Det M q . However, the estimation is not so trivial. If there is no other boson, i. e. other than H, which mixes the light fermions and heavy fermions, the one loop corrections are generated only by the Feynman diagram in Fig. 1 . This diagram always contains
term, where
and
Since this term always vanishes trivially, there is no one loop contribution to the strong CP phase with our particle contents. One loop correction toθ comes from either one loop diagram with heavy GUT gauge bosons which mix the light and the heavy fermion families, as the original Nelson-Barr model, or U(1) global neutral singlet scalar which couples toF L f R .
For the neutrinos, the mass matrix can be written in (
Diagonalizing this mass matrix, one can see that a light neutrino acquires the mass m ν ≃ (h N v) 2 /ṽ which is very small. Thus the neutrino mass has a further suppression. This is because for the quark and charged lepton sectors we have the α matrix of orderṽ while for the neutrino sector the corresponding block is of order v. Thus light neutrinos have mass at order v×(v/ṽ). At low energy, there exists a massless Goldstone boson, majoron, in addition to the standard model particles because the global U(1) symmetry is broken spontaneously at the heavy neutrino scale.
The minimal Nelson-Barr type model was studied by Bento et. al. [7] . Here, we can use a discrete symmetry to get the same mass matrix as Eq. (8) . The simplest example is the model with a Z 2 symmetry. In this case, we can construct the model with one complex scalar singlet. We assign Z 2 charges to the fermions as,
The renormalizable Lagrangian obeying the SU(3)×SU(2)×U(1) Y ×Z 2 ×CP symmetry can be written as
All the coupling matrices are real due to the CP symmetry and θ QCD = 0. One can see that lepton number is not a good symmetry of the Lagrangian. Thus, there is no Goldstone boson like majoron. The potential is
. (15) where the range of parameters are chosen so that the following vacuum expectation values develop at the symmetry breaking minimum,
Hereṽ and M ν are the intermediate scales and v is the weak scale.
The weak CP violation occurs through spontaneous symmetry breaking, as in the last section. Here, < S > can be complex without introducing further scalar singlets and the weak CP violation is generated spontaneously.
The tree level mass matrix of quarks can be written in the
We set β ≡ hv and Ω ≡ b Fṽ + c Fṽ * . Then Ω is a general 3 × 3 complex matrix, and α and β are general 3 × 3 real matrices. Then the quark mass matrix is
where β is of order electroweak scale and α and Ω are at the intermediate mass scale, 10 10 − 10 13 GeV.
In Z 2 symmetry model, non-vanishing CP phases come from neutral Higgs one loop corrections to the quark self energy diagrams (Fig. 2 ), which will give complex contributions to the light-heavy block in the mass matrix. We have four such diagrams. From Fig. 2 , adding all the one loop contributions, we have
where g ∼ 
whereb andc are leading order values of the matrices b and c. This shows that the strong CP phaseθ depends on the coupling constants of the H −S terms and the Yukawa couplings.
At the weak scale v, the bare mass of the Higgs doublet is
If λ's are not small we need huge cancellation in Eq. (15) . So, it is not unnatural to think
In this case, |θ QF D | is less than 10 −20 . λ 2 as large as 10 −7 would not contradict the requirement |θ| < 10 −9 . The requirement of small λ 2 belongs to the category of the gauge hierarchy problem which was pointed out by Bento et. al. [7] . One may consider this requirement is different from the requirement of a smallθ.
The neutrino mass matrix can be written in (ν
The diagonalized light neutrino mass is
IV. CONCLUSION
In conclusion, a simple extension of the seesaw mechanism to the quark sector by fermion 
In this form, it is equivalent to our model, and does not affect the tree level properties of the Nelson-Barr type model. However, it is not so obvious to tell whether one loop correction of our model is not different from that of Nelson-Barr type model. In Appendix B, we show that the one loop calculations ofθ in both models have the same magnitude at leading order.
We showed two examples in the fermion doubling scheme, one with global U(1) and the other with Z 2 . In either case, fermion doubling provides a unified way which has a consistent and simple explanation of the small strong CP phase and the small neutrino mass generation by the seesaw mechanism.
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APPENDIX A: GENERATION OF KOBAYASHI-MASKAWA CP PHASE
In this appendix, we show that the unsuppressed Kobayashi-Maskawa CP phase can be generated from the fermion mass matrix of the fermion doubling model. Actually the square matrix M q M † q is exactly same as that of the Nelson-Barr model. In this sense, this appendix is a review of the Nelson-Barr type model. We can diagonalize this 6 × 6 matrix by biunitary transformation, 
where m q and m Q are the diagonal light and heavy quark matrices, respectively. A Hermitian
show that K is complex, we will prove below that C 1 is unitary in the limit of v/ṽ = 0.
Diagonalization of the matrix M q M † q gives the following conditions, 
It is readily noticed that all four components of Eq. (A3a) do contribute even in the limit of v/ṽ −→ 0. As one can see, Eq. (A3a) does not give any further constraints to C 1 .
Thus C 1 is complex and unitary in the limit of v/ṽ = 0 and the quark mixing matrix K is unitary in this limit. Thus, at low energy, one unsuppressed Kobayashi-Maskawa CP phase is introduced for the case of three generations.
The one loop correction ofθ was calculated by Bento et. al. in the Z 2 Nelson-Barr type model [7] . This calculation was based on the work by Groffin et. al. [14] who used the original formula of Weinberg [15] . We briefly describe their calculation of the one loop correction tō θ and compare their result with ours. If we set the quark mass matrix as Eq. (11) and set one loop self energy as Σ, the one loop correction toθ is
The subscript R means right-handed projection, M R = M q . The general form of the self energy term which gives non-zero correction toθ is [14] 
where k runs over the mass eigenstates of scalars with mass µ k , and Γ k 's are Yukawa couplings matrices. For the mass eigenbasis of scalars (H 1 , H 2 , H 3 ), the mass matrix
This self energy term is equivalent to the Feynman diagram in Fig. 2 . Following Ref. [7] , we decompose scalars as
where V and v are real and a is absorbed to Z 0 boson, and η is the relative phase of S and H. For the fermion doubling model, only the form of matrix Γ and the form of the quark mass matrix M are different from the Nelson-Barr type model.
where Φ = (ρ, s, t), h s = be iη + ce −iη and h t = be iη − ce −iη , subscripts U and D in the real coupling matrices b and c are omitted. Note that h's are 3 × 3 matrices. Our previous β
and Ω in Sec. III are given by β ≡ h ρ v and Ω = h s V . Diagonalization of the quark mass matrix MM † by unitary transformation, we have [7] 
One can verify that only the term containing Γ t M −1 q Γ ρ contributes to theθ. Bento et. al.
calculated the one loop correction [7] ,
where f and f ′ are equivalent to b and c of our model. I's are given in Ref. [7] . They showed 
In Appendix A, we showed that C † i C i ≃ 1 for i = 1, 2, from which we obtain 
where the ǫ and ǫ ′ are very small values due to the small mixing angle. One can easily verify from Eq. (B3) that
where R ρ k R t k ∼ ǫ. We get the same result of the Z 2 Nelson-Barr type model.
whereb,c denote the orders of the magnitudes. In Sec. III, we discussed that λ's have to be small ∼ v/V to avoid cancellation problem in light Higgs scalar mass term. 
